Glass formation was achieved by mechanical milling of crystalline Ni 59 Ti 16 Zr 20 Sn 5 pre-alloyed powders. Compared to the glassy alloy ribbon of the same composition obtained by melting-spinning method, the alloy powders milled for 24 h exhibited a lower crystallization temperature and do not have a distinct glass-transition characteristic. X-ray diffraction (XRD) and transmission electron microscopy (TEM) results indicated that a small fraction of the powder exists in nanocrystalline state within the glassy matrix. The obtained Ni 59 Ti 16 Zr 20 Sn 5 powdered specimen was heated rapidly by microwave radiation and the bulk porous sample was obtained under a low applied pressure of 5 MPa.
Introduction
Multicomponent bulk metallic glasses are promising materials for structural applications with an attractive combination of physical, chemical and mechanical properties due to their unique atomic structure compared with their crystalline counterparts. [1] [2] [3] However, high critical cooling rate for these bulk glassy alloy samples obtained by conventional casting techniques and strong composition dependence limit their potential applications. In the case of Ni-based alloys, though bulk glass formation was achieved in many multicomponent alloy systems, [4] [5] [6] [7] [8] [9] the glass forming ability except for Ni-Pd-P alloy system so far is very limited, and metalloids included in some alloy systems have tampered their manufacturability.
In view of these facts, mechanical alloying or milling has been considered as an efficient method for fabricating metallic glassy alloys due to its advantages over liquid quenching, such as glass formation in a wide composition range, low processing temperature and simple processing route. [10] [11] [12] [13] [14] Moreover, this is feasible for bulk amorphous alloys with different section thickness prepared by the consolidation of these glassy powders using viscous flow of glassy powders at temperatures close to the glass transition temperature (Tg). [13] [14] [15] [16] [17] Recently microwave processing of metallic materials have received significant attention since it was first reported that particulate metals can be heated rapidly by microwave radiation. 18, 19) Especially microwave radiation has also been successfully used for heating metallic glassy powders and their mixed powders blended with crystalline particulates without pressure. [20] [21] [22] Compared to conventional heating and sintering, microwave heating can provide some significant advantages such as direct volumetric heating, substantial energy savings, reduction in processing time and lower environmental hazards.
In the present work, glass formation in Ni 59 Ti 16 Zr 20 Sn 5 alloy by ball milling was investigated. The difference in thermal stability and crystallization behavior between the milled glassy powders and melt-spun glassy ribbons was compared. Using the obtained metallic glassy powders, microwave-induced heating and sintering were carried out in a single-mode microwave applicator with a low applied pressure of 5 MPa.
Experimental Procedure
The alloy ingot with the nominal composition Ni 59 Ti 16 Zr 20 Sn 5 was prepared by arc melting a mixture of pure elemental metals Ni (99.99 mass%), Ti (99.95 mass%), Zr (99.9 mass%) and Sn (99.99 mass%) in a Ti-gettered pure argon atmosphere and re-melted four times to ensure their chemical composition homogeneity. The ingot was crushed into small particles with dimensions smaller than 125 mm and sealed in a stainless vial together with some stainless balls. The ball milling experiments were performed in a Retsch PM100 planetary mill under purified argon atmosphere at 400 rpm with a ball-to-powder ratio of 5 : 1. Small amounts of powders were withdrawn after selected milling time for structural examination. Structural changes were confirmed by X-ray diffraction (XRD) with a Cu-K radiation. Thermal stability was analyzed by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. The microstructure was investigated by transmission electron microscopy (TEM). For comparison, the ribbon samples were also fabricated using a single-roller melt spinning apparatus.
A single-mode microwave applicator ((915 MHz, 5 kW maximum power) was used to heat these powders obtained by mechanical milling. The powdered specimen was placed in the alumina die of 30 mm inner diameter in a position of magnetic field maxima in a wave guide applicator with an applied pressure of about 5 MPa. The experimental design and the principle of separation of electrical and magnetic field maxima have been explained in a previous work.
23 ) The temperature was controlled by adjusting the input power (P i ) gradually. The P i was increased stepwise (about 40 W per step) and after each step the three stubs of the tuner were used to tune the system to minimize the reflected power (P r ). The temperature measurement was performed in-situ by an infrared pyrometer through quartz window and the temperature reading above about 450 K was possible. For the correction of the temperature the emissivity values were calibrated comparing with the thermocouple measurement. The experiment was performed in vacuum of about 5 Â 10 À1 Pa.
Results and Discussion
The evolution of the structure as a function of the milling time investigated by X-ray diffraction is shown in Fig. 1 . The diffraction pattern of the initial powder consists of sharp lines stemming from the crystalline intermetallic compounds. After 2 h of milling, a broadening of the individual reflexes is observed as a result of decreasing crystallite size and increasing atomic level strain, indicating the formation of an amorphous phase. Besides this, peak heights of the crystalline diffraction peaks decrease strongly compared to the initial powder. With the increase of milling time the amount of glassy phase increases distinctly. After 24 h of mechanical milling the diffraction peaks of crystalline phases are not detectable, and only the typical broad maximum of a glassy phase is visible. During milling an increase of atomiclevel strain caused by repeated collisions and cold welding result in line broadening to certain extent. According to Scherrer equation, 24) the average crystallite size D can be estimated. The reduction of the average crystallite size of Ni 59 Ti 16 Zr 20 Sn 5 alloy powder as a function of milling time is shown in Fig. 2 . The crystallite size rapidly decreases in the initial milling stage, and then almost remains unchanged as the milling time is larger than 2 h.
For comparison, the X-ray diffraction patterns of Ni 59 Ti 16 Zr 20 Sn 5 ball milled powder for 24 h and melt spun ribbon are shown in Fig. 3 . The principle broad peak maxima corresponding to the nearest atomic distance in the patterns are similar, but a few additional weak and broad diffraction peaks exist in the pattern of the milled powder, indicating that some nanocrystalline phases exist. The difference in thermal stability and crystallization behavior between the milled glassy powders and melt-spun glassy ribbon of Ni 59 Ti 16 Zr 20 Sn 5 was also investigated. Figure 4 presents the DSC curves of Ni 59 Ti 16 Zr 20 Sn 5 ball milled powder for 24 h and melt spun ribbon. As seen from Fig. 4(a) , the obvious multiple exothermic events can be observed, indicating the formation of a glassy phase. The glass transition temperature (Tg) of this milled powder cannot be determined because this sample is not obtained from liquid state, and contains some nanocrystals. Compared to the powder sample milled for 24 h, the DSC trace of the ribbon shown in Fig. 4(b) indicates a distinct glass transition followed by an extended super-cooled liquid region, which is limited by a crystallization event. The T x is higher than that of the ball milled glassy powder. The difference is mainly attributed to the different degree of thermal relaxation between the two preparation methods and impurity incorporation during milling. This also reflects that the composition of the glassy phase in Ni-based powders milled for 24 h is not as homogeneous as in the melt-spun glassy ribbon.
To further clarify the microstructure of Ni 59 Ti 16 Zr 20 Sn 5 powder milled for 24 h, transmission electron microscopy (TEM) investigations have been performed. Figure 5 shows bright-field TEM images and the corresponding selected area electron diffraction (SAED) patterns of Ni 59 Ti 16 Zr 20 Sn 5 powder milled for 24 h. It is seen that the particle contains some nanocrystalline grains. As seen from Fig. 5(a) , the existence of the glassy phase is confirmed by the corresponding SAED indicating the broad diffraction halo rings. Besides a glassy matrix, nanocrystalline particles are also found to be embedded in some areas. The inset in Fig. 5(b) Fig. 7 . After microwave heating the diffuse peak became sharper and more peaks occurred. This means that mechanical milling induced glassy phase partially crystallized. As seen from Fig. 7(b) , a sintered and bulk porous sample with a diameter of 30 mm is formed. According to dimensional measurement the sintered density is about 4.2 g/cm 3 . Its compressive strength can be measured by an Instron testing machine with a constant strain rate of 5 Â 10 À4 s À1 . Although it is low (about 50 MPa), this sintered porous material may be used in filters, sensors, catalyst-bearing and other devices.
The transformation from crystalline to glassy phase by mechanical alloying or milling technique is a complex dynamic process. Several models, from the early hypothesis on local melting of particles followed by rapid solidification, 25) solid-state reaction similar to the thin film diffusion couple to glass formation induced by pressure and crystalline refinement have been proposed to interpret the mechanism of glassy formation. 26, 27) As for glass formation induced by mechanical milling in Ni-Zr-Ti-Sn alloy system, the destabilization of crystalline phase and chemical disordering of the system induced by shear deformation is likely to be responsible for the transformation from crystalline to glassy phase in this Ni-based multicomponent alloy system. 28, 29) It has been found that the accumulation of structure defects, such as vacancies, dislocations, grain boundaries and distortion of lattice and the refinement of grain lead to the increase of the Gibbs free energy of crystalline phase. 30, 31) If the free energy of crystalline phase is higher than that of the glassy phase, the transformation to the glassy state can be expected.
It has been proved that the powdered metallic materials absorb microwaves though bulk metals reflect microwaves and hence cannot be heated volumetrically except for surface heating due to the limited penetration of microwave radiation. Further research result has shown that the degree Glass Formation in a Ni-Based Multicomponent Alloy by Mechanical Milling and Microwave Treatment of The Obtained Powdersof microwave absorption of powdered metallic materials mainly depends on their particles sizes, electrical conductivities, temperature and the frequency of microwaves. 18) As for microwave heating of Ni 59 Ti 16 Zr 20 Sn 5 alloy powder, the particles do not couple well with microwaves at room temperature, but microwave coupling efficiency of metallic glassy powders is greatly increased by increasing the temperature of the sample, as shown in Fig. 6 . 
Conclusions

